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ATF2, A Member of the CREB/ATF Family of Transcription
Factors, in Chronic Stress and Consequent to Antidepressant
Treatment: Animal Models and Human Post-Mortem Brains

D Laifenfeld®', R Karry', E Grauer?, E Klein' and D Ben-Shachar'

'Laboratory of Psychobiology, The Department of Psychiatry, Rambam Medical Center and B. Rappaport Faculty of Medicine, Technion IIT, Haifa,
Israel; “Department of Pharmacology, Israel Institute for Biological Research, Ness-Ziona, Israel

The regulation of gene expression has been implicated in the etiology and treatment of depression. Transcription factors serve as the
intermediates between intracellular cascades and gene expression, and may therefore be involved in the pathophysiology and
pharmacotherapy of depression. We and others have previously reported an increase in the phosphorylation of the transcription factor
cAMP response element binding protein (CREB) by antidepressants, alongside brain region-specific alterations in pCREB by stress. In the
present study, we examined the expression of another member of the CREB/ATF family of transcription factors, ATF2, in the brains of
rats chronically treated with two different antidepressants, and in rats 4 months after their exposure to prolonged stress. ATF2
phosphorylation was decreased by antidepressants and increased at the aftermath of prolonged stress, specifically in the frontal cortex.
We also examined ATF2 expression in the ventral parieto-occipital region of post-mortem human brains of normal controls, depressed,
bipolar, and schizophrenic patients, obtained from the Stanley Foundation Brain Consortium. No alterations were observed in the levels
of ATF2. However, in the depressed group, the pATF2 levels were higher in unmedicated compared to medicated patients, suggesting an
antidepressant-induced reduction in pATF2. We discuss the possible role of ATF2 in depression, and propose that an interplay between
ATF2 and CREB, and possibly other transcription factors, determines the final gene expression pattern in the etiology and treatment of

depression.

INTRODUCTION

The past decade has witnessed an abundance of studies
focusing on intracellular processes, leading to altered
neuronal plasticity in the etiology and treatment of
depression. Antidepressants have been found to activate
several second messengers, including protein kinase
C (Morishita and Aoki, 2002) and calcium-linked protein
kinases (Consogno et al, 2001), with the most consistent
findings pointing to antidepressant induction of the
cAMP signaling pathway. Thus, the chronic administration
of different antidepressants affects the binding of cAMP
to various subunits of its substrate, PKA, and increases
the latter’s activity (Perez et al, 1989, 1991; Nestler et al,
1989). In addition, cAMP binding was reduced in post-
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mortem brains of treated depressed patients who
committed suicide (Lowther et al, 1997). Decreased cAMP
signaling is observed in stress paradigms and consequent
to dexamethasone treatment in rats (Makino et al, 1975).
cAMP modulation impinges on the levels and function
of the cAMP response element-binding protein (CREB),
which has been found to present a complex pattern of
alteration in the pharmacotherapy of depression, as well as
in stress. Thus, antidepressants induce increases in the
function (Nibuya et al, 1996; Duman et al, 1997) and
expression (Laifenfeld et al, 2002a) of CREB in the rat
hippocampus and frontal cortex. However, an effect
opposite to that induced by antidepressants was found to
be produced consequent to increased CREB expression in
the nucleus accumbens (Pliakas et al, 2001). In addition,
brain region-specific alterations are observed in the levels of
CREB and its phosphorylation in post-mortem brains of
depressed patients (Dowlatshahi et al, 1998; Laifenfeld et al,
2002b). Finally, various animal models of stress show
PCREB decreases in the hippocampus and frontal cortex
(Huang et al, 2002; Trentani et al, 2002; Laifenfeld et al,
2002a), and increases in the levels and activity of pCREB in
the nucleus accumbens (Pliakas et al, 2001; Barrot et al,
2002).
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CREB is the prototypical member of the ATF/CREB
transcription factors, which share a common cis-regulatory
element (reviewed in De Cesare et al, 1999; Mayr
and Montminy, 2001), termed as the cAMP response
element (CRE). This element consists of the consensus
sequence TGACGTCA, and has been implicated in
the processes of plasticity, in as much as robust CRE-
reporter gene expression can be detected in cortical neurons
during developmental plasticity (Pham et al, 1999).
In fact, members of the CREB/ATF2 family of transcription
factors are considered important substrates of signals
upstream of the activation of genes associated with
neuronal growth and differentiation (Karin and Hunter,
1995). They therefore carry the potential to act as
intermediates between extracellular stimuli, such as stress-
ful events or therapeutic agents, gene modulation, and
cellular alterations associated with depression. While CREB
is expressed ubiquitously, other members of the family are
more tissue specific. Thus, cAMP response element
modulator (CREM) is highly expressed in the neuroendo-
crine tissues (Mayr and Montminy, 2001), and ATF2 is
particularly abundant in the brain (Maekawa et al, 1989).
CREB family members can also be differentiated according
to their upstream signal transduction pathways. While
CREB is activated mainly by cAMP, ATF2 is insensitive to
cAMP (Flint and Jones, 1991), and is strongly induced by
the p38/MAPK pathway (Ferrer et al, 2002; Ouwens et al,
2002).

Alongside the cAMP-CREB pathway, the involvement
of additional signal transduction pathways in the treat-
ment and etiology of depression has been suggested (Vaidya
and Duman, 2001). Indeed, different groups of antidepres-
sants have been shown to regulate the expression of a
wide variety of genes (eg Ainsworth et al, 1998; Boyer et al,
1998; Vedder et al, 1999), demonstrating the involvement of
additional  transcription factors as intermediates
between antidepressant-initiated intracellular cascades and
gene regulation. ATF2 is a promising candidate, since
it regulates two of the antidepressant-induced genes
(Edelman et al, 2000; Suzuki et al, 2002), tyrosine
hydroxylase (Nestler et al, 1990; Brady et al, 1992) and
cell adhesion molecule L1 (Laifenfeld et al, 2002a). More-
over, the pathway upstream of ATF2, that is, the p38/MAPK
pathway, is regulated by corticosterone on the one hand (Li,
2001), and the mood stabilizer, lithium, on the other
(Chuang et al, 2002). This, in turn, could lead to
corresponding alterations in ATF2- and ATF2-transcribed
genes. In the present study, we examined the mRNA and
protein expression of ATF2 after chronic antidepressant
treatment in rats, as well as in rats long after the
termination of exposure to prolonged variable stress. The
latter are used to model some aspects of depressive state, in
that the paradigm serves to mimic the long-term effects of
stressful life events, strongly implicated in the etiology
depression (Holahan and Moos, 1991; Kendler et al, 1995;
Willner, 1997).

In order to relate our findings to human depression, we
also studied ATF2 expression in the ventral parieto-
occipital (BA 19) cortex of 59 human post-mortem brains
of depressed, bipolar, or schizophrenic patients as well as
controls, obtained from the Stanley Neuropathology Con-
sortium.
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MATERIALS AND METHODS
Animals

Male Sprauge-Dawley rats, 250-300 g at the beginning of the
experiment, were housed in groups of five (prolonged stress
paradigm) or six (antidepressant treatment) in metal mesh
cages placed in a temperature-controlled environment
(21°C+2) with lights on 0600-1800. Food and water were
available ad libitum unless otherwise noted. Animal care was
in accordance with the institutional guidelines and approved
by the institution’s Animal Care and Use Committee.

Antidepressant Treatment

Rats were injected (i.p.) for 21 days with either fluoxetine
5 mg/kg/day or desipramine 10 mg/kg/day. Control animals
were injected with an equivalent volume of saline. Animals
were killed 1 day after the last antidepressant treatment by
decapitation. The prefrontal cortex, hippocampus, and
striatum were dissected on ice immediately following
decapitation. Immediately after dissection, brain specimens
were rapidly frozen in liquid nitrogen and stored at —80°
until further analyses.

Prolonged Variable Stress

Rats were exposed for 6 weeks to variable unpredictable
stressors including: cold exposure—rats were housed individu-
ally in small plastic cages and placed in a cold (4°C) room for
1-4h with (three sessions) or without (three sessions) room
lights; shaking (seven sessions)—rats were placed in groups of
five in a plastic cage placed on a shaker (approx. 140 move-
ments/min) for 2-4h; restraint (seven sessions)—rats were
placed individually in a small restrainer, which restricted all
movement for up to 2h; hot plate (two sessions)—animals
were placed individually on a hot plate set to 56°C. The rat was
removed immediately after it started licking its front paws
(approx. 5s); foot shocks (three sessions)—rats were individu-
ally placed in a Skinner box and foot shocked twice (0.8 mA for
3 s) within a 10 min session. These same rats were reintroduced
to the footshock environment (two sessions with no foot-
shocks) for a 10 min session; blood sampling (once, through tail
cuts). The order of stressors presentation, their duration, and
the time of day they were applied were random within and
between experiments. Rats were left undisturbed in between the
various stress exposures. At 4 months after the termination of
stress animals were decapitated, their brains were rapidly
removed and dissected on ice for the prefrontal cortex,
hippocampus, and striatum, promptly placed in liquid nitrogen,
and stored in —80° until further analysis (Grauer, 1998).

RT-PCR Analysis

The expression of ATF2 was studied by using the RT-PCR
technique (Figure la). Total RNA was isolated from frozen
specimens using RNA STAT-60 kit (TEL-TEST, Inc.). cDNA
was synthesized by first-strand reverse transcriptase reac-
tion (RT) using Random Primer and M-MLV reverse
transcriptase (Promega). Polymerase chain reaction ampli-
fication (PCR) of RT cDNA was performed at least twice for
each sample at two different concentrations to confirm
linear range, using FastStart Taq (Roche Molecular



Table | Primer Sequences and PCR Conditions

Antidepressants and stress modulate ATF2
D Laifenfeld et al

Denaturning Annealing Elongation
temperature temperature temperature Number of Product
mRNA Primer sequence (5'-3') and time °C (s) and time °C (s) and time °C (s) cycles size (bp)
ATF2 F TGCAGAAGAAATCTGGCTATCA 95 (60) 55 (60) 72 (60) 25 408
R TCAACTGCTGCTACACCAACTT
BActin F TGAAGTGTGACGTGGACATCCG 95 (60) 60 (60) 72 (60) 25 447
R GCTGTCACCTTCACCGTTCCAG

All templates were initially denatured for 5min at 95°C, and after completing all cycles, were subjected to a final extension of 7min at 72°C.
Biochemicals). The sequences of PCR primers for ATF2 and a ATE2
p-actin were designed and synthesized according to the
sequences obtained from Gene Bank (Table 1). kg cDNA 0.5 ! 2 3

PCR products were assessed in a 2% agarose gel 4600
containing ethidium bromide with a PGEM DNA Marker Z 306bp
(Pharmacia Biotech AB). -Actin was used for normalizing
variations in aliquots taken for RT reaction and gel loading.

b ATF2 pATF2

Western Blot Analysis Mg protein 100 80 100 80
Frozen specimens were suspended in 10 mM Tris-buffer pH 97K
7.4 containing 250 mM sucrose, 5mM EDTA, 0.5% NP40, - PR 66K
and TM protease inhibitors cocktail. Following centrifuga- 45K
tion, the supernatant (80 or 100 pig total protein) was diluted
1:1 in electrophoresis sample buffer containing 20% (v/v) 30K

glycerol, 4% (w/v) SDS, 250 mM Tris-HCI, pH 6.8, 10% (v/v)
2-mercaptoethanol, and 0.5 mg/ml bromophenol blue. The
protein sample was separated on 7.5% SDS acrylamide gel
and transferred onto a nitrocellulose membrane. The
quality of transfer was assayed by Ponceau staining.
Following blocking (T-TBS containing 2% BSA) of non-
specific binding sites, membranes were incubated at 4°C
overnight with ATF2/pATF2 antibody (Santa Cruz, sc-187,
sc-8398, respectively) diluted 1:200, 1:100, respectively.
After washing, blots were incubated for 1h at room
temperature with secondary antibody (anti-rabbit IgG,
Santa Cruz; anti-mouse IgG, Santa Cruz), diluted 1:10000
in T-TBS. The blots were then developed with Amersham’s
ECL and exposed to an XLS Kodak film for 20-30s
(Figure 1b). The protein levels were analyzed three times
for each sample. A single batch of protein of rat brain in
three different concentrations was used as a positive control
and for normalization. Protein concentration was measured
using Bradford reagent (BIO-RAD).

Human Post-Mortem Brains

Frozen specimens, from the ventral parieto-occipital cortex
(BA 19) of 59 human post-mortem brains, were donated by
The Stanley Medical Research Institute’s Brain Collection
courtesy of Drs Michael B Knable, E Fuller Torrey, Maree |
Webster, Serge Weis, and Robert H Yolken. The specimens
were from 15 depressed patients, 15 bipolars, 14 schizo-
phrenics, and 15 normal controls. Demographic data are
found in Table 2.

Figure | ATF2 mRNA (a) and ATF2/pATF2 protein (b) levels
calibration. mMRNA and protein from the rat brain were used to calibrate
RT-PCR and Westemn blot analysis.

Statistical Analysis

The results were analyzed for normal distribution using the
Kolmogorov-Smirnov test. Normally distributed data were
then analyzed by one-way ANOVA followed by a post hoc
Dunnett test with comparison to the control group. Data
that were not distributed normally were analyzed by
nonparametric Kruskal-Wallis test, followed by Mann-
Whitney U-test. The p-values were adjusted according to the
Bonferroni correction for multiple comparisons. Data from
post-mortem brains (age, gender, laterality, PMI, cause of
death, and brain pH) were added as covariates and assessed
by ANCOVA with mRNA or protein levels as the dependent
variables.

RESULTS

Effects of Chronic Administration of Antidepressants on
mRNA, Protein Levels, and Phosphorylation Levels of
ATF2 in Rat Brain

ANOVA analysis, aimed at determining a difference in the
levels of phosphorylated ATF2 between rats receiving either
chronic desipramine treatment, or chronic fluoxetine
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Table 2 Demographic Data for Post-Mortem Brains

Variable Control (n=15) Schizophrenia (n=14) Bipolar disorder (n=15) Major depression (n=15)
Age (years, means +SD) 48.14+10.7 4557+ 1295 423+11.7 464493
Gender (male, female) oM, 6F 8M, 6F oM, 6F oM, 6F
PMI (h, means +SD) 23.74+9.94 337941516 325+ 161 27.5+10.7
Cause of death Cardiac: 13 Cardiac: 8 Cardiac: 4 Cardiac: 7
Accident: 2 Accident:2 Accident: | Suicide: 7
Suicide: 4 Suicide: 9 Other: |
Age of onset (years, means +SD) NA 2393+7.72 339341329 21474835
PH (means+SD) 63+02 62+0.25 62+02 621402
Brain hemisphere used (right: left) 8:7 9:5 7:8 9:6
Lifetime antipsychotic dose® (mg, means+SD) 0 52428.57 + 64401 20827424016 0
“Lifetime antipsychotic dose in fluphenazine milligram equivalents.
NA—not applicable.
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Figure 2 mRNA, protein levels, and phosphorylation levels of ATF2 in the prefrontal cortex, hippocampus, and striatum of chronically treated rats. RT-
PCR analysis of ATF2 mRNA expression in representative gels (a) and densitometry values standardized for f-actin (b). Westemn analysis of ATF2 protein
level in representative gels (c) and densitometry values (d). Western analysis of pATF2 protein level in representative gels (e) and densitometry values (f).
Rats were treated for 21 consecutive days with |0 mg/kg desipramine (DMI) (n=6), 5mg/kg fluoxetine (FLUO) (n=46), or saline (control) (n=#6).
Densitometry values are means of three to four gels. The difference between means was analyzed by ANOVA followed by Dunnett post hoc tests.

#p<0.001.

treatment, and control rats yielded a significant group
effect in the frontal cortex (F=24. 180, df=2, p<0.0001),
but not in the hippocampus or striatum (F=2.059, df=2,
p=0.167; F=3.393, df=2, p=0.068, respectively)
(Figure 2). Bonferroni post hoc analysis showed that the
difference in frontal cortex pATF2 levels between groups
was a result of a significant three-fold decrease in pATF2
levels in rats receiving chronic desipramine treatment
compared to control rats (p<0.00001), as well as a similar
decrease in rats receiving chronic fluoxetine treatment
compared to control rats (p<0.00001). Antidepressants
treatment had no effect on the mRNA or protein levels of
ATF2 (nonphosphorylated) in any of the brain regions
tested.

Neuropsychopharmacology

mRNA, Protein Levels, and Phosphorylation Levels of
ATF2 in a Chronic Unpredictable Stress Model

Rats, 4 months postexposure to the stress paradigm,
exhibited a 134% increase in protein levels of pATF2 in
the frontal cortex (F=4.565, df =1, p<0.05), but not in the
hippocampus and striatum (F=2.829, df=1, p=0.189;
F=3.919, df=1, p=0.064) (Figure 3). This was paralleled
by a 33% decrease in ATF2 protein levels in the frontal
cortex (F=19.363, df=1, p<0.0001), and not in the
hippocampus or striatum (F=2.532, df=1, p=0.143;
F=1.23, df=1, p=0.243, respectively). Stress exposure
had no effect on the mRNA levels of ATF2 in any of the
brain regions.
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Figure 3 mRNA, protein levels, and phosphorylation levels of ATF2 in the prefrontal cortex, hippocampus, and striatum of rats exposed to prolonged
stress. RT-PCR analysis of ATF2 mRNA expression in representative gels (a) and the corresponding densitometry values (b). Western analysis of ATF2
protein level in representative gels (c) and the corresponding densitometry values (d). Western analysis of pATF2 protein level (e) and the corresponding
densitometry values (f). Rats were subjected to 6 weeks of variable unpredictable stressors (n = 10/group). Densitometry values are means of three to four
gels. The difference between means was analyzed by ANOVA followed by Dunnett post hoc tests. *p<0.01, **p <0.05.

ATF2 Protein and Phosphorylation Levels in the Human
Ventral Parieto-Occipital Cortex (BA 19).

Frozen specimens from the parieto-occipital cortex of 59
human post-mortem brains, including 15 depressed
patients, 15 bipolars, 14 schizophrenics, and 15 normal
controls were compared for protein levels of ATF2 and
PATF2. ANOVA showed that protein levels of ATF2 as well
as pATF2 were similar in all groups (F=1.437, df=3,
p=NS; F=0.338, df =3, p=NS, respectively) (Figure 4).
Interestingly, however, within the depressed group, a
significant 34% reduction in pATF2 was observed in
patients who had received antidepressant medications at
the time of death (‘medicated’, n=7), compared to those
not receiving antidepressants (‘unmedicated’, n=38)
(F=4.977, df=1, p=0.044) (Figure 5).

Demographic Parameters, Covariance Analysis

To control for potential confounds, age, gender, laterality,
PMI, and brain pH were added as covariates and assessed
by ANCOVA for protein levels of ATF2 and pATF2. ATF2
and pATF2 levels were not affected by any of these
parameters, except for an effect of brain pH on pATF2
exclusively in the schizophrenic group. No significant
correlation was observed between the onset and duration
of disease as well as antipsychotic medication with either
the protein levels of ATF2 or those of pATF2.

DISCUSSION

The modulation of transcription factors by various groups
of antidepressants has been suggested as the downstream
target in antidepressant activation of diverse signal
transduction cascades. Such modulation is considered
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Figure 4 Protein levels of ATF2 (a) and pATF2 (b) in the ventral
parieto-occipital cortex (B/A 19) of control subjects, depressed, bipolar,
and schizophrenic patients. The dark lines represent the mean value for
each group. The difference between means was analyzed by ANOVA.

important in the reversal of deleterious effects such as
stress, which are thought to contribute to the pathophysio-
logy of depression (D’sa and Duman, 2002). To date, the
most extensively studied transcription factor involved in the

Neuropsychopharmacology
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Figure 5 Protein levels of pATF2 in the ventral parieto-occipital cortex
of medicated and unmedicated depressed patients. The dark lines
represent the mean value for each group. The difference between means
was analyzed by Mann—Whitney nonparametric analysis. *p <0.05.

etiology and treatment of depression has been CREB
(Nibuya et al, 1996; Vaidya and Duman, 2001; Nestler
et al, 2002). Given the multitude of postreceptor cascades
initiated by antidepressants (Menkes et al, 1983; Duman
et al, 1997; Popoli et al, 2000) as well as those involved in
stress (Morrill et al, 1993; Huang et al, 2002), the
involvement of additional transcription factors is antici-
pated.

In the present study, we report opposing effects of
antidepressants and long-term consequences of stress on
the phosphorylation of ATF2, which is a member of the
CREB/ATF family of transcription factors. Thus, a decrease
in pATF2 was observed in rat frontal cortex consequent to
chronic treatment with either of two antidepressants,
desipramine or fluoxetine. In contrast, exposure of rats to
prolonged stress resulted in a frontal cortex increase in
PATF2 4 months postexposure. Rats exposed to stress also
presented a decrease in the frontal cortex protein levels of
nonphosphorylated ATF2. The lack of a parallel decrease in
the mRNA levels of ATF2 suggests that this is a post-
transcriptional event, raising the possibility that this is a
byproduct of increased ATF2 phosphorylation. Alterna-
tively, the lack of an observed group effect in ATF2 mRNA
may be due to the limitations inherent in the RT-PCR
method, in which small differences between groups are
difficult to detect. Still, the parallel lack of alteration in
ATF2 mRNA and protein levels in all other brain regions
supports the validity of the RT-PCR results.

The pATF2 alterations reported here were confined to the
frontal cortex. No effect was observed in the hippocampus,
which has also been strongly implicated in stress and
depression (Sheline et al, 1996; Bremner et al, 2000).
Accordingly, we have also shown reciprocal effects of
similar stress exposure and antidepressants on the levels of
PCREB (Laifenfeld et al, 2002a), which were also evident
only in the frontal cortex. In the latter study, however, the
effect was reversed. Antidepressants induced increases,
while the stress induced decreases, in pCREB. The mutual
regulation by antidepressants and stress of both members of
this transcription factor family in the same brain region is
interesting in several respects. First, it suggests the
involvement of signal transduction pathways other than
the cAMP-CREB pathway (for a review see Vaidya and
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Duman, 2001; D’sa and Duman, 2002). Moreover, it points
to the complexity of gene expression patterns involved in
the etiology and therapeutics of depression, in as much as
these entail concurrent up- and downregulations of genes
with common motifs, that is, CREB and ATF2. It has been
previously suggested that the control of gene expression in
response to antidepressants and stress relies on the inter-
play between different transcription factors (D’sa and
Duman, 2002). In fact, there is evidence suggesting that
the simultaneous binding of CREB and ATF2 to other
transcription factors may serve to modulate the latter’s
activity (Edelman et al, 2000). Conceivably, the transcrip-
tion of downstream genes relevant to depression is
dependent upon some type of equilibrium between these
two family members.

ATF2 is activated by the p38-MAPK pathway, also known
as the stress-activated MAPK, and has been shown to be
induced by cellular stressors such as heat shock, UV-
irradiation, and hyperosmolarity (Adler et al, 1995;
Laderoute et al, 1999). The results of the present study
indicate that ATF2 activation is not limited to stressors at
the cellular level, but rather is part of a general response to
exposure to stressors at different levels of the organism,
prevailing long after cessation of the stressors, a notion
previously raised by Mehta and Miller (1999). In fact,
Sapolsky (2000) proposes a mechanism whereby psycholo-
gical stress results in glutamate excitotoxicity, disturbed
calcium homeostasis, an inhibition of glucose transport,
and an increase in oxygen radical generation. Similar
processes could be the intermediates between the aftermath
of chronic stress exposure in the present study and
induction of ATF2 phosphorylation.

ATF2 phosphorylation is also induced by cytokines, in
particular IL-1f and TNF-« (Gupta et al, 1995; Clerk et al,
1999), which have recently been implicated in depression.
Thus, raised levels of several proinflammatory cytokines,
including IL-1R, IL-6, and TNF-o have been described in
clinical depression (Maes et al, 1995), and, likewise, stress
has been linked with an increase in IL-1R, IL-6, and TNF-«
(Maes et al, 1998; Steptoe et al, 2001). Conversely, several
diverse antidepressants were found to decrease significantly
monocyte production of IL-1, IL-6, and TNF-o in vitro (Xia
et al, 1996), and antidepressant-induced IL-1 antagonistic
activity was also observed in rat brain (Licinio and Wong,
1999). Increased levels of these cytokines in stress, there-
fore, could bring about the increase observed in pATF2 in
the present study. In contrast, cytokine downregulation by
antidepressants is a compelling account for the antidepres-
sant-induced reduction we saw in ATF2 phosphorylation.
Interestingly, antidepressant effect on pATF2 was obtained
with both antidepressants, regardless of their pharmaco-
logical effects; desipramine is a noradrenergic tricyclic, while
fluoxetine is a serotonergic specific agent. The convergence
of both antidepressants on pATF2 regulation suggests the
relevance of this transcription factor as a common down-
stream mediator of their antidepressant mode of action.

Cytokine signaling via ATF2 phosphorylation has been
found to lead to apoptosis (Faris et al, 1998; Ammendrup
et al, 2000), and ATF?2 is reported to elevate levels of UVC-
induced apoptosis (Ivanov and Ronai, 1999), as well as
apoptosis consequent to thiol depletion (Aoshiba et al,
1999). There is some evidence directly linking depression



with the processes of apoptosis (Licinio and Wong, 1999),
including hippocampal apoptosis in post-mortem brains of
depressed patients (Lucassen et al, 2001), and increased
apoptosis in the peripheral blood of patients with major
depression (Eilat et al, 1999). Induction of pATF2 by
chronic stress in the present paradigm, particularly in the
frontal cortex, could provide a mechanism through which
long-term stress predisposes cells to apoptosis, and may be
relevant to the etiology of depression. Several lines of
evidence support the latter notion. For example, in the
frontal cortex, there are reports of abnormalities in brain
volume and metabolism in post-mortem brains of de-
pressed patients (Drevets et al, 1997; Rajkowska et al, 1999;
Rajkowska 2000; Manji et al, 2001). In addition, animal
models of depression indicate decreased cell survival in
stress, which may provide a cellular basis for the impair-
ments observed in depressed patients (Czeh et al, 2002).
Conversely, the antidepressant-induced decrease in an
ATF2-dependent cascade may be conducive to the enhance-
ment of neuronal resilience by antidepressants as previously
suggested (D’sa and Duman, 2002), as well as to the reversal
of damaging effects of stress. Direct assessment of the latter
notion is currently underway through the examination of
the interaction between stress and antidepressant medica-
tions on the expression of ATF2.

In order to assess the relevance of our findings in animal
models to depression in humans, we examined the ATF2
expression in human post-mortem brains of depressed,
bipolar, and schizophrenic patients, and normal controls.
This was assessed in the ventral parieto-occipital cortex,
alterations in which have been observed in depression
(Ogura et al, 1998; Drevets et al, 2000; Brody et al, 2001). In
the present study, no differences were observed in the levels
of ATF2 and its phosphorylation between any of the
patients groups. Interestingly, however, specifically in the
depressed patients group, there was a significant medication
effect on phosphorylated ATF2, which is concordant with
the alterations found in the animal paradigms. Thus, the
medicated patients presented lower levels of ATF2 phos-
phorylation compared with the nonmedicated ones. The
specificity of alterations to depression was further sup-
ported by a lack of similar effects of antipsychotic
medications. Arguably, this may suggest an antidepres-
sant-induced decrease in pATF2, resulting in normalization
of ATF2 phosphorylation levels, which may have been
initially elevated in the depressed patients. We did not,
however, observe a significant increase in pATF2 in
nonmedicated depressed patients compared to normal
controls. Li et al (2003) have recently shown that post-
mortem interval (PMI) produces profound and relatively
rapid effects on the phosphorylation of proteins involved in
intracellular signaling, including specifically the phosphor-
ylation of ATF2. The inclusion of PMI as a covariate in our
model did not result in a significant effect, indicating that
differences in PMI between groups could not account for
the lack of effect observed. Long PMIs could, however,
result in all overdiminished levels in pATF2, hindering our
ability to observe existing differences. Still, the average PMI
levels did not differ significantly between medicated and
unmedicated depressed patients (mean+ SD =32.28+9.19,
23+10.68, respectively. T=1.760, p=0.105), and thus
could not account for the observed decrease in pATF in
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medicated patients. Notably, the lack of differences in ATF2
levels could also be a result of the specificity of the region
examined. Thus, while, as mentioned, alterations in the
parietal cortex in general have been reported in depression
(Ogura et al, 1998; Drevets et al, 2000; Brody et al, 2001), the
select nature of the area we obtained (ie the ventral parieto-
occipital cortex) may have resulted in an attenuated effect.
Conceivably, alterations in ATF2 would have been more
prominent in regions more fundamental to the pathophy-
siology of the disorder.

In conclusion, our findings suggest that ATF2, like CREB,
might be involved in the pathophysiology of depression and
its pharmacotherapy, further highlighting the complexity
and multitude of signal transduction pathways involved in
this disorder.
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